In order to describe the physical properties of δ-Pu from the microscopic scale, we perform molecular dynamics calculation using the analogy material Ag-Au alloy. The melting point, volume heat capacity and linear expansion coefficient of Ag-Au alloys with different doping levels were calculated by the interatomic potentials based on the embedded atomic method (EAM). The results show that the melting points of Ag-Au alloy within all doping levels are around 1400 K, indicating that the doping level has little effect on its melting point. The volume of heat capacity increases with the increasing of the atomic weight of gold, however it is around 2.5 J·cm -3 ·K -1 , and the trend of change is gradually accelerated. The coefficient of linear expansion decreases with the increasing of the atomic weight of gold, and the trend of change gradually slow down.
Introduction
Plutonium is located in the middle of the periodic table of actinides, and its valence electrons are between delocalized and local states, which is susceptible to temperature, pressure and bonding, so plutonium exhibits an exotic nature, and is considered the most complex elements in the periodic table [1] [2] . Because plutonium has strong radioactivity, extreme toxicity and strong chemical properties, the experimental work on plutonium is relatively scarce. A large number of studies have shown that the self-irradiated damage effect of plutonium is directly related to the crystal structure and mass density [3, 4] . Therefore, it is a gradually good idea to carry out research using a simulated material with the same crystal structure and mass density as δ-Pu. At the end of the last century, the Michael team at the Los Alamos National Laboratory in the United States proposed to use Ag-Au alloys which has the same face-centered cubic structure (FCC) to replace δ-Pu [2] , and used the Laser-Driven Mini-Flyer experiment methods to study the damage behavior of Ag-Au alloy and δ-Pu. It was found that the Ag-Au alloy was able to reproduce the properties of δ-Pu. Zhu et al. [5] studied the point defect of Helium in Ag-Au alloy using the first-principles based on density functional theory. Dang et al. [6] simulated the alloying behavior of
Ag-Au nanoparticles with core-shell structure on the basis of molecular dynamics method and improved analytical embedded potential function. Recently, there are no reports about the physical properties of Ag-Au alloy with molecular dynamics methods. Therefore, we plan to calculate the melting point, volume heat capacity and linear expansion coefficient of Ag-Au alloy with doping level at 7:1, 3:1, 5:3, 1:1, 3:5, 1:3, 1:7 with the molecular dynamics method based on the potential of embedded atoms.
Calculation methods and models
In this paper, the interaction between atoms is described by the embedded atomic method (EAM) proposed by Daw and Baskes et al. [7, 8] . According to the EAM model theory, the energy composition of each atom is shown as Eq.1
In the Eq.1, F(ρ i ) is the embedding energy term, which is determined by the electron density superposition of the other atoms embedded in the atom at the embedded atom. φ(r ij ) is the interaction potential between the two atoms, which is determined by the distance between atoms. In this paper, the EAM model parameters between Au-Au and Ag-Ag are calculated by Foiles [9] , and the EAM model parameters between Ag-Au alloys are determined by fitting the corresponding lattice constant, formation energy of single vacancy, elastic modulus and other basic physical properties. The molecular dynamics code used in this paper is LAMMPS [10] which is an open source program, and uses predictive-corrective method and periodic boundary condition. The ensemble, the simulation time and the amount of simulated temperature change are set according to the specific physical quantity. Silver and gold are face-centered cubic structures with lattice constants (a) (c) (e) (g) Fig. 1 Simulated models of Ag-Au alloys whose doping level is a, c, e, g .
Gray spheres denote silver atoms, red for gold atoms, respectively.
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Results and discussion volume heat capacity Volumetric heat capacity (VHC), also termed as volume-specific heat capacity, describes the ability of a given volume of a substance to store internal energy while undergoing a given temperature change, but without undergoing a phase change. [11] According to the above definition, the volume heat capacity can be given by
According to the Eq. 2, the volume remains fixed during the simulation, and then the energy of the system is taken into account with the temperature changes, so we choose NVT ensemble. The simulated temperature is changed from 2.5 K to 2000 K with the Nosé-Hoover thermostat [12] . The time step is 0.001 ps and the total simulation time is 1200 ps. According to total energy of the corresponding systems at different temperatures, we plot the E-T curve, obtain the curve slope (ΔE/ΔT) by linear fitting, and calculate the corresponding C V value. E-T curves at different temperatures are shown in Fig. 2 , ΔE/ΔT and C V are listed in Table 1 .
(a) (c) (e) (g) Fig. 2 E-T curves of Ag-Au alloys whose doping level is a, c, e, g In Table 1 , it can be seen that the volume heat capacity of Ag-Au alloy increases with the increasing of the atomic weight of gold, and the change trend is accelerated, which means that under the certain circumstances, the more doping level of Au in the Ag-Au alloy, the more energy is required to reach the same temperature, therefore the heat absorption capacity. A possible reason is that with the increasing of Au atomic weight, the mass of Ag-Au alloy will increase with fixed atomic numbers, the overall number of electrons will increase, and interaction between atoms will be strengthened, resulting in increasing of volumetric heat capacity and heat absorption capacity. 
Linear expansion coefficient
The coefficient of thermal expansion represents the volume change of matter relative to temperature, and there are two kinds of bulk expansion coefficient and linear expansion coefficient [13, 14] . By definition, the coefficient of linear expansion can be calculated by
As can be seen from Eq. 3, the volume in the simulation process is variable, so using the NPT system. The simulated temperature is raised from 200 K to 1 200 K at NPT ensemble at an interval of 50 K, The system is equilibrated at each temperature using NVT. We calculate the lattice parameters (L) of the alloy at different temperatures. The slope of the L-T curve (ΔL/ΔT) is obtained by linear fitting. Finally, the corresponding linear expansion is calculated from the initial lattice constant coefficient. L-T curves are shown in Fig. 3 , ΔL/ΔT and α are presented in Table 2 .
(a) (c) (e) (g) Fig. 3 L-T curves of Ag-Au alloys whose doping level is a, c, e, g It can be seen from the data in Table 2 is that the linear expansion coefficient of Ag-Au alloy
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decreases with the increasing of the atomic weight of gold, and the change trend gradually decreases, which indicates that with the gold doping proportion increasing in the Ag-Au alloy, in the case of increasing the same temperature, the volume change of the alloy is smaller, which indicate that the alloy structure is more stable and less affected by the temperature change. In the case of the total number of atoms are unchanged, with the number of Au atoms increasing, Ag-Au alloy contains the number of electrons increasing, the interaction between atoms increasing, making the alloy structure is more stable. 
Melting point
The melting point is the temperature at which the solid state changes its state into liquid state. Therefore, the melting point of the Ag-Au alloy is determined by the temperature of the primary phase transition. The simulation temperature is from 2.5K to 2000K, time step is 0.005 ps, and total simulated time is 6000 ps. The results are shown in Fig. 4 . around 1400 K, indicating that the doping ratio of Ag-Au alloy has little effect on its melting point, Ag and Au have the same spatial structure, And the influence of the doping ratio on the melting point of the alloy is weak. At the same time, with the increase of the atomic ratio of Au, the unit atomic volume is getting smaller, which shows that with the gold ratio of Ag-Au alloy increasing, the structure of the alloy is more stable, which is consistent with the previous conclusion.
Conclusions
In this paper, the melting point, volume heat capacity and linear expansion coefficient of Ag-Au alloys with seven kinds of doping ratios were calculated by molecular dynamics method based on embedded atomic force. Results show that the melting point of Ag-Au alloy in all doping ratios is around 1400 K, which means that the doping ratio of Ag-Au alloy has little effect on its melting point. The volume of heat capacity increases with the increase of the atomic proportion of gold, and the trend of change is gradually accelerated. The coefficient of linear expansion decreases with the increase of the atomic proportion of gold, and the trend of change gradually slows down.
With the increase of the gold doping ratio, the endothermic capacity increases and the alloy structure is more stable. The results are consistent with the experimental data and other theoretical studies. In this paper, the physical properties of Ag-Au alloys with different doping levels were studied. The influence of the doping ratio on the physical properties of Ag-Au alloys was studied and analyzed. Moreover, the research method can be extended to self-radiation damage in δ-Pu, and further our understanding for effects of helium and other decay products on this complex metal and its alloys.
